As odour nuisance can affect the quality of life, the population is more and more demanding and in many cities sewers are a critical source of odours. Both factors can lead to increasing numbers of complaints due to the odour nuisance perceived by the residents, affecting also the public image of the sewer management companies. Odours associated with sewer networks are very heterogeneous, in as much as the different 'types of odours' encountered are sewer site specific.
INTRODUCTION
Odour emissions can cause serious annoyance in the surroundings of the emission source. They are complex mixtures of both volatile compounds discharged to sewers and volatile by-products derived from biochemical reactions occurring typically under anaerobic conditions (Muñoz et al. ) . Despite being present at trace level concentrations, most volatile compounds are malodorous and have very low odour thresholds, potentially resulting in odour impacts on nearby populations (Sucker et al. ) .
In terms of odours, residents are more and more demanding and in some cities, sewers networks are one of the most important sources of odour nuisance for the population. Although odour emissions may not lead to direct health-related problems, they can affect the quality of life (Brennan ) , which in turn can lead to indirect problems such as psychological stress. As a result, sewage works could have a poor public image in relation to odour pollution.
Odour nuisance in sewers is not a new problem, as has been demonstrated by the extended number of studies published in the last three decades (Musquere et al. ; Boon ; Zhang et al. ) . The odour nuisance depends on several factors such as frequency, intensity, duration, offensiveness and concentration. Thus, it must be evaluated from a global point of view.
Odours associated with sewer networks are very heterogeneous and different 'types of odours' can be considered, taking into account different sites in the sewer network. Manholes, gutters, the end of forced mains, chimneys with natural ventilation or the wells of pumping stations are different points where odours can become a problem. Figure 1 shows a scheme of the main parts of a sewer network.
The perception of nuisance in the environment can be very different from the odours generated at the source as their dispersion and dilution produces an evolution in intensity, characteristics and hedonic tone. This paper is focused on the nuisance assessment that can be produced in the sewer networks using the evolution of the intensity curves and hedonic tone. The final objective consists in identifying the most critical points of the sewer networks in order to focus on specifically targeted points to implement corrective actions. The assessment of the sewer network points where the nuisance is 'tolerable or not' and 'persistent or not' is the first step in order to identify where it is necessary to implement a solution to avoid complaints and guarantee the odour comfort of residents.
METHODOLOGY Part 1: Sampling -method and selected sites
The composition of sewer gases is very heterogeneous, so it is important to carry out the nuisance assessment considering different situations. For this reason, different sampling campaigns were carried out in different cities and with different conditions (of weather, type of sewer, location, etc.). Different points of the sewer were also assessed. Table 1 collects the specific points of the sewer assessed in the different sites (1, 2 and 3 being the different cities in which the field campaigns were carried out -sites are anonymous for confidentiality reasons). Site 3 was evaluated in winter as well as summer in order to assess the influence of the weather.
The lung method was used for sampling. This methodology, shown in Figure 2 , allows odorous air to flow from the sewer to the sampling bag by using a vacuum pump which creates the vacuum in a specific chamber. Samples of 50 L of air were taken to be analysed for hedonic tone and odour intensity.
Part 2: Odour analysis
There are three parameters that play an important role with the nuisance generated by an odour. Odour concentration, hedonic odour tone and odour intensity (Frechen ) . Each of these parameters was analysed and is commented on below.
Odour concentration
The quantification of the odour concentrations (uo E /m 3 ) was carried out according to the European Standard EN 13725 () 'Quantification of the concentration of odour by dynamic olfatometry'. In this case, the analysis was carried out using an Ecoma T08 olfactometer (www.ecoma. de) and a panel of four members (people with calibrated odour sense). An odour is usually made of several substances at extremely low concentration. For this reason, it is very difficult and in some cases costly to find out the exact composition of an odour. However, physical-chemical analysis data are always important for any evaluation of odour annoyance, so different compounds were assessed with this objective. In this case, special attention was given to hydrogen sulfide (H 2 S), expected to be a tracer of the odour concentration. H 2 S concentration was measured by using colorimetric tubes RAE (www.raesystems.com). Air samples were pumped by a vacuum pump through the tube, producing a specific reaction in contact with a chromatographic reagent, resulting in a colour change perceptible to the human eye.
Hedonic odour tone
The hedonic odour tone is a property related to how pleasant or unpleasant an odour is, indicating its offensiveness. The measurement of the hedonic tone is based on the standard VDI 3882, Part 2 () 'Determination of hedonic odour tone'. The graduation scale for the degree of acceptability of the sample that the olfactometer has available for the stimulus evaluation ranges from 'Extremely unpleasant' (À4) to 'Extremely pleasant' (þ4). The panel used in this case was composed of 16 members. Initially, an odour threshold analysis was carried out for each sample, with the aim of identify the range of odour concentrations which should be presented to the panellists. Different dilution steps were then considered in order to create the hedonic odour tone curve. These curves were generated representing the range of the hedonic tone versus the odorant concentration for a specific dilution step (C od ), defined as the relationship between the dilution at odour threshold and the dilution applied for each dilution step.
Odour intensity
Odour intensity can be described using terms such as 'imperceptible', 'weak', 'very strong', etc. The German Standard VDI 3882, Part 1 (), gives qualitative descriptors of the intensity of the smell using a numerical scale. These descriptors are: 0-Imperceptible; 1-Very weakly perceptible; 2-Weakly perceptible; 3-Distinct; 4-Strong; 5-Very strong; 6-Extremely strong. In these analyses, the panel used was composed of eight members. As in the case of the hedonic odour tone, an odour threshold analysis was carried out for each sample, in order to identify the range of odour concentrations and the required dilution steps. The odour intensity curves are generated representing the range of the odour intensity versus the odorant concentration for a specific dilution step (C od ), previously defined for the hedonic odour tone.
RESULTS AND DISCUSSION
Odour concentration and chemical analysis
The assessment of odour concentration in different sites of the sewer has shown that pumping stations present the highest values ( Figure 3 ). These results show that, as was expected, due to the lower temperatures, there is an influence of the season in the results: lower values are observed during the winter campaign. Figure 3 shows also the relationship between odour concentration and H 2 S concentration. Site 3 presents some differences regarding the other two sites in relation to the concentration of H 2 S. In this site, a high concentration in volatile organic compounds (VOCs) was detected, explaining the high concentration of odours obtained. Site 2 presents the highest odour concentrations. It is related to the fact that the points selected for this site were 'critical' points: the chimney and the manhole both located closer to the exit of a forced main. In Figure 4 , a linear correlation between the odour and the H 2 S concentration values obtained for the different 'types of odour' is shown. For the four types of points of the sewer network the regression coefficient varied between 0.91 and 0.99.
In all cases, the higher the H 2 S concentration, the higher the odour concentration. So, it suggests that H 2 S can be a good tracer for overall odour concentration, for all types of odour and whatever the season. This means that for a first general assessment, H 2 S colour tubes can be used to carry out odour maps. Previous works (Gostelow et al. ) have also shown a reasonable correlation between odour and H 2 S concentration for unit processes characterised by septic sewage.
Hedonic odour tone Figure 5 shows the comparison between the hedonic odour tone curves obtained for the different 'types of odour' (considering the average of all the data assessed from the different sites). Analyzing the results by type of source, it can be concluded that each sample follows the same evolution: in all cases, the hedonic tone decreases quickly up to odorant concentrations of 10-20; after this value, the hedonic tone decreases slowly. Considering the different 'types of odour', it can be appreciated that all samples show a similar profile and level of 'unpleasantness'; something that might be expected considering the same origin of the samples.
The most unpleasant odours are those from gutters and manholes of rainwater sewers (with increasing odour concentration). Nevertheless, it must be noted that these two types of odours are amongst the less concentrated (in terms of odour concentration), which means that it is not possible to discriminate between any of the sources based on hedonic odour tone criteria. Figure 6 shows the results of the odour intensity curves obtained for the different 'types of odour' assessed. In this case, a global comparison between the different 'types of odour' is difficult considering the significant differences between the samples of the different sites assessed. However, an average was considered in order to identify some general behaviour. Generally, all the samples reach an intensity value 3 (distinct) at a similar range of concentrations (C od ), 2.9-15.2 uo E /m 3 .
Odour intensity
These results show the persistence of the different odours. The odour persistence is a measure of the relative change in odour intensity to the number of odour dilutions (the slope of the curves in Figure 6 ). If we consider high values of C od (>20 uo E /m 3 ), that is, a position very close to the odour source, the most persistent odours belong to pumping stations. For low values of C od (<20 uo E /m 3 ), which means more distance from the odour source and then dilution of the initial odour concentration, the persistence is very similar between the different types of odours. In the case of chimneys, the low intensity (lower than 3.5) was expected to be due to the 'dilution' of the odorant compounds throughout the proper chimney (incoming air depending on weather conditions). It is important also to mention that points closer to the effluent (like pumping stations or manholes) present more nuisance problems, based on the higher values of odour concentration in these sites. And it is also related with the fact that rainwater manholes and gutters (which are not in contact with the sewage in drought periods) are very important points to take into account when rain conditions are considered, especially at the beginning of the rain event when dried deposits are 'reactivated' and the air in the sewer is transported out through the gutters by the movement of the water.
CONCLUSIONS Odour concentration
Results from the assessment of different types of odours from the sewers have shown that pumping stations are the points of the sewer where the highest values of odour concentration were obtained. Considering the different points assessed:
High values of odour concentration were measured in the summer season, according with the fact that the high temperatures during this season are more favourable to increase degradation processes and emission of gases.
Chemical analysis
Different odorant compounds were also investigated and it was concluded that H 2 S (g) is a good tracer for the nature of the emissions in the sewerage system networks.
VOCs were found in all samples assessed, independently of the site of the sewer, although the high concentrations of this type of compounds were identified in the chimney samples. Dimethyl disulfide (DMDS) was found at high concentrations in pumping stations and forced mains.
Hedonic odour tone
Results from the hedonic odour tone assessment have shown that in all cases, the hedonic tone values are lower than zero, indicating that the odour has an offensive character. The behaviour of the different hedonic odour curves is very similar, showing similar levels of unpleasantness due to the common origin of the samples. So, it is not possible to identify the worst nuisance impact by this criteria.
Intensity
After the study of the intensity curves of different types of sewer odours it has been confirmed that the perceived intensity of the odours is not linearly related to its concentration. The values of intensity were also related with the persistence of the odours, the odours from pumping stations being the most persistent ones, i.e. requiring higher dilution to reduce the nuisance.
Nuisance is also related to several time dependent characteristics such as duration of impact and time of day or of year of impact. However, the knowledge of the odour nuisance in different sewer networks points is an important step in order to decide which are the odour sources to focus on. Comparing all the different parameters considered to assess the odour nuisance (odour concentration, hedonic odour tone and odour intensity), it can be concluded that the main odour source to target for corrective actions is pumping stations. The implementation of odour treatments at these points is recommended to decrease the possible odour complaints that this kind of installation could generate in the surroundings of a residential area. In fact, these are the points of the sewer systems where there are a high number of odour treatment units installed, especially for practical reasons (reasonably confined odours, access to electricity and space to build equipment). Usually these technologies are gas phase treatments that use force ventilation to collect the odorant gases from the gas phase of the well of the pumping station and treat it before discharging it to the atmosphere (Pérez et al. ) .
The frequency of cleaning in the sewer networks is another important issue that should be considered in specific points of the sewer that are not always in contact with the effluent and that in periods of rain can cause important nuisances.
